Highlighst 1 Organizations of dynamic functional brain networks are altered in MDD.
Introduction

140
Major depressive disorder (MDD) is a common psychiatric disorder characterized 141 by deficits in regulating one's own emotions (Aldao et al., 2010; Anticevic et al., 2015) . 142 In MDD patients, one of the most notable changes revealed by functional magnetic 143 resonance imaging (fMRI) is the abnormalities in brain functional connectivity (FC) 144 (Guo et al., 2014; Kaiser et al., 2015; Tao et al., 2013; J. Zhang et al., 2011) , which have 145 been suggested as a potential mechanism underlying the emotional and cognitive 146 symptoms (Marchetti et al., 2012; Whitfield-Gabrieli and Ford, 2012) . 147 Traditional fMRI studies were performed under the assumption that pattern of brain 148 FC remains stationary during the whole scanning period. Recently, however, it has been 149 shown that brain FC fluctuates over time at sub-minute scales, the property of which 150 cannot be assessed by conventional static FC analysis methods (Chang and Glover, 2010; 151 Hutchison et al., 2013) . Therefore, the "dynamic FC" has become a new topic in 152 neuroimaging studies to track the fluctuations in brain FC patterns (Preti et al., 2017) . 153 Notably, such fluctuations have been demonstrated to be involved in a wide range of 154 cognitive and affective processes such as attention (Shine et al., 2016) , learning (Bassett 155 et al., 2011), executive functions (Braun et al., 2015) , internally-oriented cognition 156 (Zabelina and Andrews-Hanna, 2016) and mood (Betzel et al., 2017) , as well as a number 157 of common psychiatric disorders such as the autism (Zhang et al., 2016) , bipolar disorder 158 (Nguyen et al., 2017) and schizophrenia (Dong et al., 2019; Guo et al., 2018) . These 159 findings highlight the importance of dynamic FC in understanding the brain functions in 160 7 both healthy and psychiatric populations. 161 Despite the accumulating knowledge on dynamic features of brain FC, their 162 relationships with MDD still remain unclear. Although a few studies (Demirtaş et al., 163 2016; Hou et al., 2018; Kaiser et al., 2016; Wei et al., 2017; Wise et al., 2017; Yao et al., 164 2019; Zheng et al., 2017) have started to investigate dynamic FC in MDD, these studies 165 had several limitations. Firstly, the results reported from these studies are inconsistent.
166
For example, while an earlier study (Demirtaş et al., 2016) found that MDD was related 167 to decreased temporal variability of FC within default-mode network (DMN), the 168 opposite results were reported by two other studies (Kaiser et al., 2016; Wise et al., 2017) .
169
Such inconsistency may be partly due to relatively small sample sizes in these previous 170 studies (see Supplemental Table S1 for a review), which could result in a relatively low 171 reliability in neuroimaging studies (Button et al., 2013; Cao et al., 2019) . Secondly, most 172 previous studies were only focused on either fluctuations of FC within predefined regions 173 of interests (ROIs) such as the medial prefrontal cortex (mPFC) (Kaiser et al., 2016; Wise 174 et al., 2017) , or changes in whole-brain connectivity states (Yao et al., 2019) . However, 175 characterizations of dynamic FC in MDD from both local and global perspectives remain 176 poorly explored. Therefore, it is necessary to investigate global and local dynamics of FC 177 in MDD with a larger well-powered sample to improve our understanding of this 178 common mental disorder.
179
In this study, we aimed to characterize alterations of dynamic FC in MDD using a 180 large, multi-site sample drawn from the REST-meta-MDD Project in China (Yan et al., 181 8 2019). To reach this goal, we used a novel dynamic network-based approach that allows 182 us to identify altered dynamic FC patterns at both regional and global levels (Sizemore 183 and Bassett, 2018). Specially, the brain is modeled as a multi-layer dynamic network, in 184 which the layers represent brain FC patterns at different time points. Based on this model, Rating Scale (HAMD) (Williams, 1988) at the time of scanning. Episodicity and 202 9 medication information were available for a total of 372 patients from 6 sites, among 203 which 155 were in their first episode of illness and had never taken antidepressants. Data 204 on duration of illness were available for 382 patients from 7 sites. All study sites obtained 205 approval from their local institutional review boards and ethics committees, and all 206 participants provided written consent at their local institutions. See Table 1 and Table 2 207 for sample details, and more details about the inclusion and exclusion criteria can be 208 found in Supplemental Materials. Resting-state fMRI and structural T1-weighted MRI brain scans were acquired at 212 each site (see Table 1 for key data acquisition parameters) and were preprocessed using Table S2 for list of ROIs). The mean time series of each of the 160 nodes 227 were firstly extracted and divided into a number of continuous time windows ( Fig. 1A) . windows, and the whole-brain connectivity matrices were then calculated within each 232 window using pairwise Pearson correlations. As a result, a multi-layer dynamic network 233 G = (G t ) t = 1, 2, 3, …, 61 , where G t is the layer representing brain FC within the tth time 234 window, was obtained for each subject (Fig. 1B) 
Dynamic Brain Network Metrics
238
After constructing dynamic networks, we estimated several key spatio-temporal 239 features of dynamic brain networks, including the temporal variability, temporal 240 clustering and temporal efficiency, described as following:
241
Temporal variability: The variability of a dynamic brain network over time was 242 measured by the average dissimilarity of its network structures between different time 243 windows (Dong et al., 2019; Hou et al., 2018; Zhang et al., 2016) . This was computed at 244 11 both the global (temporal variability) and regional (nodal temporal variability) levels.
245
Both of the measures range from 0 to 2, and a higher value indicates a higher variability. can transmit between nodes in a dynamic network, named as the characteristic temporal 254 path length for the whole-brain and nodal temporal path length for each node (Sizemore 255 and Bassett, 2018). These two measures range from 1 to infinite, with a lower value 256 representing a shorter average temporal distance between nodes and a shorter time for 257 information to be transferred between nodes on average (higher temporal efficiency) 258 (Sizemore and Bassett, 2018; Thompson et al., 2017) .
259
Since temporal clustering and temporal efficiency are only defined for binary 260 networks (Sizemore and Bassett, 2018), we obtained binary dynamic networks by 261 preserving only a particular proportion ("sparsity") of the strongest connections between 262 nodes on the FC matrices of each window (Fig. 1C) . The metrics of temporal clustering 263 and temporal efficiency were computed across a wide range of sparsities from 10% to 50% 264 with an increment interval of 1%, to ensure that results were biased by a single sparsity Significance was set at p < 0.05 after Benjamini-Hochberg false discovery rate (FDR) 281 corrections across the three measures.
282
When significant between-group differences were detected on any of the examined 283 dynamic network metrics, we further investigated which regional changes might 284 particularly drive those effects. For that we compared the corresponding nodal metrics 285 between groups for each of the 160 ROIs, using the same above ANCOVA or Supplemental Table S3 . The Supplemental Table S4 for 319 demographic and clinical information of each subset. 
Group Comparisons and Correlations
329
As shown in Fig. 2A-C, the MDD group showed a significantly higher temporal the sensori-motor cortex (frontal and parietal areas), and the subcortex (thalamus and 347 basal ganglia) ( Fig. 3 and Supplemental Table S6 ). No correlations at the ROI level 
Validation Analyses
364
Using the AAL atlas, similar results were obtained at both global and regional levels 365 (Supplemental Fig. S4 ). Similar results were also consistently found when repeating the 366 analyses using different window/step lengths in constructing dynamic networks 367 (Supplemental Table S7 ).
368
Significantly (or trend-level) higher temporal variability, lower temporal correlation 369 coefficient and shorter characteristic temporal path length in MDD patients than HCs 370 were consistently observed in 7 of the 9 sites (Supplemental Fig. S5 ). Such results were 371 also consistently observed in two split-half subsets, and in the education-matched subset 372 extracted from the whole sample ( Supplemental Table S8 ). 
Discussion
375
In the present study, using one of the largest MDD fMRI sample to date, we 376 investigated resting-state dynamic FC in MDD using a novel dynamic network-based 377 approach. The results revealed that MDD was associated with altered spatio-temporal 378 organizations of dynamic brain networks, including increased temporal variability, 379 decreased temporal clustering and increased temporal efficiency at both global and local 380 levels. These results highlight the potential importance of dynamic brain network 381 reconfiguration in neural mechanisms underlying MDD.
382
We found that the MDD patients had a significantly higher temporal variability in 383 organizations of their resting-sate functional brain networks compared with healthy 384 subjects ( Fig. 2A) . This finding is in line with most of previous studies (Hou et al., 2018; 385 Kaiser et al., 2016; Wise et al., 2017) suggesting excessive fluctuations of brain FC in 386 MDD patients during rest, yet in conflict with one study (Demirtaş et al., 2016) . Recent 387 work has shown that pooling data across different sites is an effective way to boost 388 statistical power at only minimal cost of reliability loss in large-scale neuroimaging 389 consort, especially when the total sample size > 250 (Cao et al., 2019) . Therefore, our 390 findings from the large multi-site sample with > 900 subjects may provide a greater 391 18 power than any of the previous studies mentioned above (Hou et al., 2018; Kaiser et al., 392 2016; Wise et al., 2017) , offering a more solid evidence that the brain FC patterns in 393 MDD patients are temporally more variable during rest than those in healthy subjects.
394
Besides increased temporal variability, the MDD group showed a significantly 
